1. Introduction {#sec1}
===============

Three-dimensional (3D) bioprinting provides brand-new avenue for constructing artificial tissues and organs, especially those with complex components and hierarchical structures \[[@bib1],[@bib2]\]. Bioink consists of biomaterials and cells, which is of irreplaceable importance in the process of bioprinting. An ideal bioink requires good printability, mechanical properties \[[@bib3]\] and biocompatibility to provide cell-friendly environment \[[@bib4],[@bib5]\]. Good printability could guarantee the process of bioprinting, as well as yield the designed structure and shape of bioprinted construct. Mechanical properties are especially crucial for bioprinted construct to maintain the morphology after the bioprinting process. As cells in the bioink need to be cultured in certain conditions, reasonable mechanical strength would not only help bioprinted constructs to maintain the structure, but also provide mechanotransduction signal to cells inside. Biocompatibility refers to good cellular behaviours when they are cultured with biomaterials, which include cell viability, proliferation, spreading, adhesion, migration, and so on.

A main challenge for bioink is to balance those conditions to largest extent. Most biomaterials with good mechanical properties usually suffer from poor cell friendliness, or vice versa. Hydrogels, which are highly hydrated 3D crosslinked polymers, become a typical category of component for bioink owing to their good biocompatibility, high water content and highly controllable 3D structure \[[@bib6],[@bib7]\]. It could form an extracellular matrix-like structure to provide cells a mechanically supportive microenvironment and a spatial activity, which is advantageous for cell spreading, migration, interactions and differentiation \[[@bib8]\]. In order to solve the problem, researchers in this area have investigated and invented numerous sorts of biomaterials that could meet different needs. Shear-thinning and long-time maintenance feature are required for printable hydrogels \[[@bib9]\]. Polyrotaxanes (PRs) or pseudo-polyrotaxanes (PPRs), which have a "molecular necklace" structure, have been widely exploited in the field of molecular machines, energy storage and biomedicine \[[@bib10],[@bib11]\]. PR or PPR structure is mainly resulted from the inclusion complexation between cyclodextrins (CDs) and polymers through host-guest interactions. The aggregation of the PR-like side chain may realize the formation of a supramolecular hydrogel, and the reversibility of this physical crosslinking provides it injectable shear-shinning property \[[@bib12]\]. This supramolecular hydrogel crosslinked by weak physical bonding alone does not satisfy the mechanical requirement of bioink for a long-time shape maintenance. However, secondary crosslinking after bioprinting can solve this problem \[[@bib13],[@bib14]\].

In order to balance these conditions for a good bioink, we prepared a supramolecular hydrogel-based bioink with good rheological and tunable mechanical properties, and exploited this bioink in 3D bioprinting technology. Specifically, chitosan and gelatin are chosen as the main body because of their innate biodegradability and biocompatibility \[[@bib15],[@bib16]\]. Polyethylene glycol (PEG) was introduced as sidechains of chitosan for two purpose: a) making chitosan water soluble, and b) forming PPR structure with *α*-cyclodextrin (*α*-CD). The increased viscosity resulting from gelatin and the aggregation of PPR structure provide good shear-thinning property for the supramolecular hydrogel. This supramolecular hydrogel encapsulated with cells could be processed in 3D bioprinting. Most importantly, tunable strength of the bioink can be obtained by using different concentration of *β*-Glycerophosphate solution (*β*-GPS) as the secondary crosslinking agent. The strength tunable bioink was further detected for influencing stem cell differentiation. This work provides a strategy for the construction of supramolecular hydrogel-based bioink.

2. Materials and methods {#sec2}
========================

All reagents and solvents were used as received from commercial sources. Chitosan (molecular weight: 200000 Da, degree of deacetylation: ≥ 90%) was purchased from Yunzhou Biochemistry Co., Ltd (Qingdao, China). Polyethylene Glycol Monomethyl Ether 2000 (mPEG-OH 2000, P2186) was obtained from Tokyo Chemical Industry (TCI). N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC•HCl, 7084-11-9), N-hydroxysulfosuccinimide (NHS, H109337), 2-(N-morpholino) ethanesulfonic acid (MES, M163014), Succinic anhydride (S104823) and *α*-cyclodextrin (*α*-CD, C106777) were purchased from Aladdin Biochemical Technology Co., Ltd (Shanghai, China). Gelatin from porcine skin (Type A, G1890) was obtained from Sigma-Aldrich. N, N-Dimethylformamide (DMF, A39494) was purchased from Inno-chem. *β*-Glycerophosphate (G9140) was obtained from Solarbio (Beijing, China).

2.1. Preparation of mPEG-COOH {#sec2.1}
-----------------------------

mPEG-OH 2000 (10 g, 5 mmol) was dissolved in 40 ml DMF. Succinic anhydride (1 g, 10 mmol) was added after being dissolved completely. The reaction was allowed to proceed at 60 °C for 15 h under the protection of nitrogen. After cooling to room temperature, the excess solvent was removed using rotary evaporator and the obtained product was dissolved with dichloromethane. The solution was precipitated in excess anhydrous diethyl ether and the product was collected by suction filtration. Ultimately, the obtained product was washed three times by excess anhydrous diethyl ether and dried in the vacuum drying chamber to obtain mPEG-COOH.

2.2. Preparation of CS-mPEG {#sec2.2}
---------------------------

Firstly, chitosan (0.1 g, 0.62 mmol glucose units) was dissolved in 20 ml MES solution (25 mM, pH = 5.46) by adding HCl solution (0.1 M). Next, EDC•HCl (0.476 g, 2.48 mmol), NHS (0.286 g, 2.48 mmol) and mPEG-COOH (1.303 g, 0.62 mmol) were added in 10 ml MES solution. The solution was allowed to proceed for 30 min in order to activate carboxyl group. Then, the two solutions were mixed and stirred at room temperature for 24 h in the dark. Finally, the solution after the reaction was dialyzed (Mw ~cut\ off~ = 3500 Da) against with deionized water for 3 d. CS-mPEG was obtained as a white porous sponge by lyophilization.

2.3. Preparation of hydrogel and bioink {#sec2.3}
---------------------------------------

According to the solubility of modified chitosan and previous study \[[@bib17]\] in our group, 0.3 g CS-mPEG and 0.3 g gelatin were dissolved in 10 ml double distilled H~2~O with each concentration of 30 mg/ml *α*-CD was dissolved in double distilled H~2~O with concentration of 200 mg/ml for further usage. For the preparation of bioink, 500 μl cell suspension (cell density 1 × 10^7^/ml) was added into the hydrogel at this stage. Mix the two solutions at a volume ratio of 3:2 and rest at room temperature for 30 min.

2.4. Structural characterization {#sec2.4}
--------------------------------

NMR spectra was performed on a 400 MHz Bruker NMR spectrometer (Avance-400, Varian) at 25 °C with D~2~O as the solvent. FTIR was obtained on a Varian Excalibur 3100 spectrophotometer. XRD pattern was collected on a Bruker X-ray diffractometer (D8 focus, Cu Kα, λ = 0.15178 nm) with the step of 0.1° s^−1^. After freeze-dried by vacuum freeze-drying at −80 °C, the morphology of hydrogel was seen by scanning electron microscopy (SEM) (Hitachi-S4800, Japan) at the voltage of 10 kV.

2.5. Rheological test {#sec2.5}
---------------------

The rheology of bioink was tested by rheometer (TA-ARES G2, America) with a coaxial two parallel plates model in which the clamp diameter was 40 mm. Viscosity was measured at shear rate from 0.1 to 100 s^−1^. The angular frequency sweep was conducted from 0.1 to 100 rad/s at a 5% strain. All measurements were conducted at ambient temperature (25 °C).

2.6. Mechanical test {#sec2.6}
--------------------

The mechanical property of bioink was tested on desktop electronic universal material testing machine (Instron 3365, England) with a 100 N load. The cylindrical sample (diameter: 10 mm; height: 1 mm) was used for compression test with a crosshead velocity of 2 mm/s until the sample was broken. Then, we took the first 10% of curve to calculate the slope as the Young\'s modulus. Each group has five parallel samples. All tests were performed at room temperature (25 °C).

2.7. Porosity measurement {#sec2.7}
-------------------------

The porosity was measured according to as followed equation in a specific gravity bottle through the ethanol immersion method. Where V~1~ is the initial volume of dehydrated alcohol used to submerge the dried hydrogel, V~2~ is defined as the total volume of the system when the dried hydrogel is immersed in the dehydrated alcohol, and V~3~ is the volume of the residual liquid after the liquid-impregnated hydrogel is removed. Each group has five parallel samples (n = 5).

2.8. The process of 3D printing {#sec2.8}
-------------------------------

Based on our pervious 3D bioprinting processes \[[@bib18]\], the printing was conducted on the bioprinting platform (Regenovo 3D bioprinter, China) with liquid temperature controller (Thermo). 10 ml hydrogel inks were transferred into sterilized a printing syringe. After a cooling process of 30 min in 15 °C, the printing syringe was equipped on the print arm (15 °C) of printing platform, and a 35 mm culture dish was put on the precooled print platform (4 °C). The printing process constructed a 3D columnar with 10 mm diameter and 3 mm thickness, 2 mm interval pores were formed by layer-by-layer pattern of printing nozzle. The bioprinted construct was crosslinked by immersing in *β-*GPS solution for 10 min at room temperature. The *β*-GPS solution was replaced by culture medium after crosslinking, the constructs were washed twice with complete culture medium to eliminate any residue crosslinking agent. Finally, the bioprinted constructs were cultured in DMEM with 10% fetal bovine serum (FBS) in an incubator at 37 °C and a humidified atmosphere of 5% CO~2~.

2.9. Cell culture and CCK8 assay {#sec2.9}
--------------------------------

### 2.9.1. Fibroblasts isolation and culture {#sec2.9.1}

All animal procedures were approved by the Institutional Animal Care and Use Committee of Chinese PLA General Hospital (Beijing, China), and all the authors who conducted animal experiment were in compliance with all relevant ethical regulations. C57BL/6 mice were used for isolation of dermal fibroblasts. C57 mice were purchased from SPF Biotechnology (Beijing, China). The procedure followed a published protocol \[[@bib19]\]. Briefly, newborn mice were killed by immersion in betadine for 2 min then rinsed with deionized water. The skin was pulled from the newborn mice then placed and floated on trypsin (T1300, Solarbio) overnight at 4 °C. The epidermis and dermis were separated with tweezers and the epidermis was discarded. Then the dermis was rinsed with complete Dulbecco\'s modified Eagle medium (DMEM; SH30243.01, Hyclone) containing 10% fetal bovine serum (FBS; 10437028, Gibco). Rinsed dermises were transferred in sterile centrifuge tubes and 2 ml of 0.35% collagenase (C8140, Solarbio) was added per dermis. The dermises were incubated and agitated in a shaking incubator at 37 °C with low speed for 40 min. The suspension was neutralized with complete DMEM with 10% FBS, and passed through a cell strainer (431752, Corning) to centrifuge at 1500 rpm for 5 min. The pellet contained dermal fibroblasts which were resuspended with DMEM medium and used to seed culture dishes. All operations took place under sterile conditions.

### 2.9.2. Mesenchymal stem cells isolation, culture, and differentiation {#sec2.9.2}

C57 mice were purchased from SPF Biotechnology (Beijing, China). Based on previous studies from other labs and our group \[[@bib20], [@bib21], [@bib22]\], second passage cells from postnatal mice (male, 7 day old) were used for this study. 7-days-old mice were culled and immersed in 75% ethanol for 10 min. Bilateral femurs and tibias were removed from the mice aseptically. Bones were placed in a sterile 100 mm dish containing complete MesenCult™ Expansion Medium (Mouse) (\#05513, STEMCELL™). Bones were crushed with haemostatic forceps by enough force to crack them. Then bone cracks were gently agitated to free the bone marrow. Finally the medium containing bone marrow was filtered through a 70 μm cell strainer (BD Falcon). Freshly isolated cells were plated in 100 mm dishes and cultured at 37 °C, 5% CO~2~. Media were replaced after 72 h, and cells were passaged when confluent about 80%. MSCs were collected and mixed with bioink as the methods mentioned in the 3D bioprinting process, the bioprinted constructs were cultured in MesenCult™ Adipogenic Differentiation Kit (\#05507, STEMCELL™) medium and NeuroCult™ Differentiation Kit (\#05704, STEMCELL™) medium for adipogenic and neural differentiation. Differentiation medium was replaced every three days until the endpoint time for collection.

### 2.9.3. CCK-8 assay {#sec2.9.3}

A Cell Counting Kit 8 (CA1210, Solarbio, Beijing, China) was used in all CCK-8 experiments. Cells were incubated in 25 cm^2^ cell-culture flasks. When cell confluent reaches 80%, cells (1 × 10^4^ cells/well) were seeded into a 96-well plate with volume of 100 μl of medium for each well. Cells were exposed to various component of bioinks for 24 h (for CS-mPEG, and *α-*CD), or certain time points for *β*-GPS. 10 μl CCK-8 solution was added into each well. Standard curve was established for each experiment. The cell viability was calculated as the ratio of the absorbance at 450 nm of the wells compared with standard curve. The absorbance at 450 nm was measured using a Thermo Multiskan FC mulitplate photometer.

2.10. Immunofluorescent staining and specific staining {#sec2.10}
------------------------------------------------------

Bioprinted constructs were embedded in Optimal Cutting Temperature (O.C.T.) Compound (Sakura) and frozen at −30 °C. 7 μm sections were obtained by freezing microtome (Leica) and fixed by 10% formalin for 30 min. Specific markers were used to stain sections according to standard immunofluorescence protocols. Briefly, sections were incubated overnight at 4 °C with primary antibodies \[rabbit monoclonal anti-beta actin (1:300, ab8227, Abcam), anti-paxillin (1:250, ab32084, Abcam), Ki67 (1:250, ab16667, Abcam), N-cadherin (1:300, ab18203, Abcam)\] after antigen retrieval, and blocking. Sections were immersed with the goat anti-rabbit secondary antibody Alexa Fluor® 488 (1:300, ab150077, Abcam) and CoraLite594 goat anti-mouse IgG (1:300, SA00013-3, proteintech) for 2 h in the dark at room temperature. Finally, incubated sections were mounted in DAPI Fluoromount-G (0100-20, Southern Biotech) and pictures were taken with a fluorescence microscope (Olympus, BX51) within 24 h. Mean fluorescence intensity was measured from three random figures in one group by mean grey value from ImageJ.

### 2.10.1. Oil Red staining {#sec2.10.1}

Oil Red staining were conducted by the instruction of Oil Red O (ORO) staining kit (G1262, Solarbio, Beijing, China). Briefly, 15 μm sections of bioprinted constructs were freshly cut by freezing microtome. Slices were fixed by ORO Fixative for 10--15 min, and put in ventilated space for another 10 min. Immersed the slices into freshly prepared ORO Stain for 15 min, then washed by isopropanol for 20--30 s, and finally washed by distilled water thoroughly. Nuclear was counterstained with Mayer hematoxylin for 2 min. Slices were processed with ORO Buffer for 1 min and mounted by glycerine/gelatin mounting medium.

### 2.10.2. Nissl Body Staining {#sec2.10.2}

Methylene blue staining was used to identify Nissl body by Nissl Body Staining kit (G1434, Solarbio, Beijing, China). The staining was conducted with the instruction of the kit. Briefly, bioprinted constructs were embedded in O.C.T. and cut into 5 μm sections, followed by fixation with 10% formalin for 15 min. Drop the Methylene Blue Stains on the slices and stained for 10 min. Immersed the slices into Nissl Differentiation solution, and observed the Nissl body under microscopy. Immersed the slices with Ammonium Molydbate solution for 3 min, and washed them with distilled water. Processed with routine dehydration and transparency, and mounted with neutral resins.

2.11. Statistic analysis {#sec2.11}
------------------------

All numeric data is the study are demonstrated as mean ± standard deviation, and analysed with Student\'s t-test and one-way ANOVA in GraphPad Prism version 8 and SPSS version 26. P \< 0.05 is regarded as statistical significance.

3. Results and discussion {#sec3}
=========================

3.1. Formation of PPR structure and the rheological behavior of bioink {#sec3.1}
----------------------------------------------------------------------

PEGylated chitosan (CS-mPEG) was prepared as [Fig. 1](#fig1){ref-type="fig"} shows. The methoxy polyethylene glycol (mPEG) was firstly carboxylated, and then the obtained carboxymethoxypolyethylene glycol (mPEG-COOH) was conjugated to the amino groups of chitosan through an EDC/NHS-mediated coupling reaction. The chemical structures were assessed by ^1^H -Nuclear Magnetic Resonance (^1^H NMR), Fourier Transform Infrared Spectroscopy (FTIR) and X-Ray Diffraction (XRD). From ^1^H NMR spectra ([Fig. S1](#appsec1){ref-type="sec"}), the appearance of peak 1 in [Fig. S1d](#appsec1){ref-type="sec"} is the characteristic peak of --OCH~3~, which proves the successful synthesis of CS-mPEG. The degree of substitution (DS) was calculated by counting the peak value of --OCH~3~ which was located in the side chain of CS-mPEG. The DS of the obtained CS-mPEG was determined to be 0.82. It also showed that there were residual amino groups in chitosan. As indicated in FTIR spectrum ([Fig. 2](#fig2){ref-type="fig"}a), the absorbance at 1736 cm^−1^, which is the characteristic peak of C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O, confirmed the formation of the mPEG-COOH. The absorbance at 1736 cm^−1^ was weakened in the CS-mPEG. It indicated that amino groups of chitosan reacted with the carboxyl groups of mPEG-COOH. From XRD spectra ([Fig. 2](#fig2){ref-type="fig"}b), unmodified chitosan showed a strong reflection at 2θ = 20°. This indicated that there were some regular crystal regions in chitosan, which are mainly related to the large number of intramolecular and intermolecular hydrogen bonds. The characteristic peak disappeared with the incorporation of PEG, while two strong reflections appeared around 2θ = 19° and 23°, which come from the ordered arrangement of ethylene oxide units of PEG. These results confirmed the synthesis of CS-mPEG.Fig. 1Schematic illustration and flow chart of CS-mPEG formulation, bioink preparation, dual physical crosslinking, and 3D bioprinting process.Fig. 1Fig. 2Structural characterization and rheological properties of supramolecular hydrogel-based bioink. a) FTIR spectra of bioink main components. b) XRD patterns. c) G′ and G″ at an angular frequency of 1 Hz at 25 °C. d) Apparent viscosity of bioink under steady shear from 0.1 s^−1^ to 100 s^−1^ at 25 °C. e) G′ and G″ under steady angular frequency from 0.1 rad/s to 100 rad/s and an oscillatory strain of 5% at 25 °C.Fig. 2

The PPR structure was formed by mixing CS-mPEG solution with *α*-CD solution. After freeze-drying, the structure was determined by FTIR ([Fig. 2](#fig2){ref-type="fig"}a). The absorbance at 3395 cm^−1^ became wide because of a large number of hydroxyl group of *α*-CD. Moreover, the absorbance at 1153 cm^−1^, 1030 cm^−1^ was also characteristic peak of *α*-CD. The XRD pattern ([Fig. 2](#fig2){ref-type="fig"}b) of the supramolecular hydrogel revealed two characteristic diffractions at 2θ = 19.96° and 22.56° consistent with other studies on the inclusion complex of *α*-CD, indicating the supramolecular hydrogel with a channel-type crystalline structure \[[@bib12],[@bib23]\].

By stirring the CS-mPEG/*α*-CD complex vigorously and waiting for several minutes, the aggregation of the PPR-like side chains induced the formation of supramolecular hydrogel ([Fig. S2](#appsec1){ref-type="sec"}). Storage modulus (G′) and loss modulus (G″) of supramolecular hydrogel was tested by time scanning. G′ and G″ reach the intersection point within 80 s ([Fig. 2](#fig2){ref-type="fig"}c). After this point, G' value is always higher than G" value, indicating that the supramolecular hydrogel has been formed. The result demonstrated that the supramolecular hydrogel has a fast gelation time, which is beneficial for the preparation of bioink and mixture with cells.

Rheological property plays key roles for the bioink. To achieve improved viscosity and gelling property, the prepared CS-mPEG/*α*-CD supramolecular hydrogel was blended with gelatin. The viscosity of the obtained CS-mPEG/*α*-CD/gelatin bioink was tested. Due to the reversibility of the PPR-based physical crosslinking and the hydrogen bond-based physical crosslinking of gelatin, the viscosity of the bioink decreased with increasing shear rate ([Fig. 2](#fig2){ref-type="fig"}d). This shear-shinning property implied that this bioink is suitable for extrusive printing through nozzle. Frequency scanning ([Fig. 2](#fig2){ref-type="fig"}e) revealed that the value of G′ is higher than that of G″ within an angular frequency range of 0.1--100 rad/s. The large difference between G' and G" enables the stable flow of the bioink in the extrusion process.

The aggregation of PPR-like side chains in supramolecular hydrogel and helical structure in gelatin temporarily disintegrated when the bioink is under shear force, which allows it to be extruded. The broken structure could automatically form again leading to recovering original stable condition after the removal of shear force. As a result, the bioink exhibits good printability and self-recovery property. This property highlights its advantages in application of 3D bioprinting, especially compared with traditional hydrogel which are crosslinked by immutable covalent-bonds \[[@bib17], [@bib18], [@bib19], [@bib20]\].

3.2. Bioprinting process and tunable mechanical properties {#sec3.2}
----------------------------------------------------------

The prepared CS-mPEG/*α*-CD/gelatin bioink was bioprinted through an extrusive 3D bioprinter. Then, the obtained constructs were subsequently immersed into *β*-GPS solution for the secondary crosslinking. To observe the stability of the bioprinted constructs by dual physical crosslinking, post-printed constructs with only *α*-CD or with only *β*-GPS were prepared for comparison. The structure of bioprinted constructs with only one crosslinking agent deformed after a short time ([Fig. 3](#fig3){ref-type="fig"}a). It clearly showed that the constructs with dual physical crosslinking could maintain the shape after printing and remain the structure under cell culture condition for at least 21 days ([Fig. 3](#fig3){ref-type="fig"}b). This indicated that the bioprinted construct could form a stable structure due to dual physical crosslinking, and is also eligible for cell culture.Fig. 3Printability and stability of bioprinted constructs. a) Macroscopy image of bioprinted constructs crosslinked by dual physical crosslinking (*β*-GPS and *α*-CD) or single crosslinking (only *β*-GPS or *α*-CD). *α*-CD was added in the bioinks during preparation as described in the Methods section. b) Macroscopy image of dual-crosslinked and cell-laded bioprinted constructs cultured in medium under the condition of normal cell culture.Fig. 3

Strength and porosity of bioink will exert power effects on cellular behaviours and biological results, ranging from mechanical signalling, cellular skeleton and geometry, transcriptional expression, to cell viability, proliferative activity, and differentiational trajectory. In this study, the strength and porosity of the bioink can be regulated by different concentration of *β*-GPS. The strength of 3D scaffolds increased with the concentration of *β*-GPS ([Fig. 4](#fig4){ref-type="fig"}a). Yong\'s modulus was also tested for long time cell culture, [Fig. 4](#fig4){ref-type="fig"}b showed fully crosslinked bioprinted constructs could maintain their strength for at least 21 days. Under different concentration of *β*-GPS, the Young\'s modulus ranged from 4 kPa to 130 kPa. The porosity ([Fig. 4](#fig4){ref-type="fig"}c) shows the opposite trend, which demonstrated it decreased along with the increase of *β*-GPS concentration. The results of SEM analysis showed that the size of pore decreases gradually with the increase of crosslinking agent concentration ([Fig. 4](#fig4){ref-type="fig"}d).Fig. 4The mechanical properties of bioprinted constructs crosslinked in different concentration of *β*-GPS. a) Young\'s modulus of bioprinted constructs with *β*-GPS in 0.3 M, 0.6 M, 1.0 M, and 1.3 M. b) Young\'s modulus for the bioprinted constructs with 0.6 M and 1.0 M in cell culture condition on 1 day, 7 days, 14 days, 21 days. c) Porosity of bioprinted constructs crosslinked with *β*-GPS in 0.3 M, 0.6 M, 1.0 M, and 1.3 M. d) The images of SEM for bioprinted constructs crosslinked with *β*-GPS 0.3 M, 0.6 M, 1.0 M, and 1.3 M after freeze-drying. \*\*\* indicates significant statistical difference (p \< 0.001) with those of group of 0.6 M; NS indicates no statistical significance.Fig. 4

Shear-thinning and self-recovery hydrogels have been designed and investigated in many recent publications. Claudia Loebel et al. \[[@bib24]\] developed a group of hyaluronic acid-based hydrogels through guest--host interactions. The interaction between guest moieties of adamantanes and host moieties of *β*-cyclodextrixins underlies the capability of shear-thinning and self-recovery. In keeping with Claudia Loebel\'s work, the properties of disassembling and re-forming in our supramolecular hydrogel have been tested in this study. In addition to guest-host interaction, the secondary crosslinking by *β*-GPS reinforce the weak mechanical strength of this supramolecular hydrogel, which has been a long time limitation of guest-host based hydrogels \[[@bib13],[@bib25],[@bib26]\]. In this study, the secondary crosslinking agent are rationally designed to solve the problem of weak mechanical strength. Phosphate groups of *β*-GPS could form ionic bonds and hydrogen bonds with amidogen in chitosan and gelatin. In addition, the compression Young\'s modulus of dual crosslinked bioink increases with the rising concentration of *β*-GPS, along with the declining of porosity.

3.3. Cellular proliferation and adhesion in bioprinted constructs {#sec3.3}
-----------------------------------------------------------------

Before the bioprinting process, cellular toxicity was tested by co-culturing fibroblasts with each component of bioink. CCK-8 assay demonstrated cell viability of cells with each component is higher than 80%, which is regarded as biocompatibile ([Fig. 5](#fig5){ref-type="fig"}). Fibroblast-laden bioink underwent bioprinting with 1.0 M *β*-GPS as the crosslinking agent, and bioprinted constructs were cultured for 14 days. Quantification of immunofluorescence results demonstrated that the expression of Ki67 was higher in 14 days than those of 7 days when bioprinted and cultured with bioink ([Fig. 6](#fig6){ref-type="fig"}). As a cellular protein expressed during mitosis, Ki67 is used as a specific marker for cellular proliferation.Fig. 5The *in vitro* cytotoxicity assay of main components and fibroblast by CCK-8. a) Raw absorbance of CCK-8 assay and b) percent of viability of fibroblasts co-cultured with different concentrations of CS-mPEG. c) Raw absorbance of CCK-8 assay and d) percent of viability of fibroblasts co-cultured with different concentrations of *α*-CD. e) Raw absorbance of CCK-8 assay and f) percent of viability of fibroblasts co-cultured with different concentrations of *β*-GPS for 0.5 h, 1.0 h, 3.0 h, and 6.0 h. A viability of higher than 80% is normally acceptable for biomaterials with good biocompatibility \*\* indicates statistical significance (p \< 0.01) when compared with corresponding control group; NS indicates no statistical significance.Fig. 5Fig. 6Immunofluorescence staining of cellular proliferation and adhesion in cells bioprinted with the supramolecular bioink. a) Expression of Ki-67, Actin, Paxillin, and N-cadherin in fibroblasts bioprinted with bioink after 3, 7, and 14 days of culture (scale bar = 20 μm). b) Quantification of the immunofluorescence intensity per area by mean grey value from three random pictures. \*\* and \*\*\* indicate statistical significance (p \< 0.01, and p \< 0.001, respectively) when compared with those in day 3. NS indicates no statistical significance.Fig. 6

As a member of the cellular skeleton system, actin was used in the immunofluorescence to identify cell spreading and outline. [Fig. 6](#fig6){ref-type="fig"}a indicates that fibroblasts can express actin normally and maintain physiological cellular shape. Paxillin and N-cadherin are involved into the formation of complex protein structures of cell-matrix adhesion and cell-cell adhesion. [Fig. 6](#fig6){ref-type="fig"}a and b showed that cells in bioprinted constructs could not only express these adhesion markers, but also increase the expression levels of these markers along with the culture time.

Bioprinted constructed could not only provide a more biomimetic extracellular matrix for the residing cells, but also the biophysical and surface topographical properties would boost cellular behaviours, such as cell proliferation, adhesion, spreading, and assembly. The possible reason for the increased expression of Ki67 might be the mechanical properties and roughness of the surface topography, which are reported to stimulate mitogenic signalling pathway or activate Rac/FAK \[[@bib27], [@bib28], [@bib29], [@bib30], [@bib31]\]. Through activating mechanotransduction receptors and cellular skeleton remodelling, cell proliferation are found to relate with these properties of extracellular matrix \[[@bib32],[@bib33]\].

Cellular survival rate, adhesion, and proliferation are three cardinal indexes among all the cellular behaviours to represent overall cell condition in the detection of biocompatibility. Our results demonstrated good biocompatibility of fibroblasts in this bioink both in co-culture and bioprinted condition. Promoting cellular biocompatibility has been researched for a long time in the application of various sorts of biomaterials. Some ideal materials, mechanistically or economically, suffer from poor biocompatibility that hinder their ability in biomedical application. Good performance of cellular behaviours in this supramolecular hydrogel-based bioink provide empirical and theoretical evidence for further application. One major theoretical issue that has dominated the field of many years concerns maintaining mechanical properties of biomaterials without loss of biocompatibility, which has been investigated by many studies \[[@bib34], [@bib35], [@bib36]\]. With well-known good biocompatibility, PEG and *α*-CD are incorporated into the bioink not only for the host-guest interaction but also for the concerns of future application. As a novel bioink, its further application is conditioned by this theoretical issue.

3.4. Mesenchymal stem cells differentiation in strength tunable 3D constructs {#sec3.4}
-----------------------------------------------------------------------------

Bone marrow-derived mesenchymal stem cells (MSCs) were isolated to test the effect of strength tunable 3D bioprinted structure on stem cell differentiation. Mixed with supramolecular hydrogel-based bioink, MSCs were bioprinted with different level of crosslinking agent. Given the strength range of this bioink that mentioned above and related studies, 0.6 M and 1.0 M of *β*-GPS were chosen to produce bioprinted extracellular matrix with two different strength. It is reported that the Young\'s modulus of 10--20 kPa and 60--200 kPa are in favor of neural and adipose lineage differentiation of MSCs, respectively \[[@bib37], [@bib38], [@bib39], [@bib40], [@bib41], [@bib42]\]. Oil Red O specific staining demonstrated few lipid droplet containing cells could be observed in bioprinted structure with 0.6 M *β*-GPS ([Fig. 7](#fig7){ref-type="fig"}a). In bioprinted construct with 1.0 M *β*-GPS, Oil red staining positive cells were significant after 21 days of culture, which implied bioink in 60 kPa may promote MSCs differentiation towards adipose cells, when compared with those of bioink in 10--20 kPa. Quantification of specific staining demonstrated the impact in [Fig. 7](#fig7){ref-type="fig"}c.Fig. 7Adipose and neural cell specific staining for bioprinted MSCs in bioink with different concentration of *β*-GPS. a) Oil Red O staining for bioprinted MSCs in bioink with 0.6 M and 1.0 M *β*-GPS after 14 and 21 days of culture. The orange and red color indicates lipid droplets inside cells. (scale bar = 200 μm); b) Nissl body specific staining for bioprinted MSCs in bioink with 0.6 M and 1.0 M *β*-GPS after 21 days of culture. The blue color indicates large extranuclear RNA granules in neurons or neuron-like cells (scale bar = 50 μm). Quantification of c) Oil red and d) Nissl body specific staining was performed by mean grey value from three random pictures. \*\*\* indicates statistical significance (p \< 0.001). NS indicates no statistical significance. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)Fig. 7

Nissl body staining was used to specifically identify neuron cells or neuron-like cells. As demonstrated in [Fig. 7](#fig7){ref-type="fig"}b, cells in bioink with 0.6 M *β*-GPS indicated more significant positive staining than those in 1.0 M *β*-GPS, with quantification data in [Fig. 7](#fig7){ref-type="fig"}d. The results manifested bioink with Young\'s modulus of 10--20 kPa could facilitate MSCs differentiation towards neural cells when compared with those of bioink in strength of 60 kPa.

Mechanistic cues have been proved to be one of the irreplaceable biophysical stimuli to cells in both physiological and pathological condition \[[@bib43],[@bib44]\]. In bioengineering area, this property is adopted by researchers to manipulate stem cell differentiation, and targeted stem cell differentiation serves as one approach in therapeutical studies and regenerative medicine \[[@bib45], [@bib46], [@bib47], [@bib48]\]. Our results showed this bioink could be used to prepare strength tunable 3D constructs without alteration of the main components. Many studies published their findings that bioink with different strength can preciously monitor stem cell differentiation, but alternative strength is accomplished by different proportion or concentration of the main components \[[@bib41],[@bib49]\]. In the current study, tunable strength can be achieved only by adjusting concentration of the secondary crosslinking agent, which implicates the possibility to simultaneously drive stem cell differentiation towards distinctive lineages in a same bioprinted system. And the corresponding results of stem cell differentiation have also proved the feasibility and capability of this strength tunable bioink.

One of the ultimate goals in bioprinting technology is to construct complicated organs which are usually composed of assorted types of tissue and cells. The majority studies of bioink focus on the promoted properties or translational application for some specific tissues or cell types, as [Table S1](#appsec1){ref-type="sec"} have displayed some main categories of extrusive bioink with their formulation, advantages and disadvantages. Besides, it is difficult to bioprint miscellaneous cells without changing the components of bioink. The supramolecular hydrogel based bioink in this study provide a possibility to establish distinctive cells *in vitro*.

4. Conclusion {#sec4}
=============

In summary, we have successfully prepared a novel supramolecular hydrogel-based bioink which composed of PEGylated chitosan, gelatin, *α*-CD, and *β*-GPS. A stable bioprinted constructs is obtained via dual physical crosslinking without toxic byproducts or hazardous components during all the above processes. The bioink exhibited not only ideal biocompatibility but also tunable strength. The primed mechanical properties were furthered tested for influencing MSCs differentiation towards adipose and neural lineage in strength tunable bioinks. The obtained relationship between the concentration of crosslinking agent and tunable strength might provide new avenue for further development of bioinks.
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